Abstract
Introduction
Spray drying process for powder production and dehydration is widely used in many sectors of industry. Low content of solids in the liquid feed sprayed inside the drying chamber results in a large amount of energy required for particle solidification and evaporation of moisture. Therefore, the spray drying process consumes much energy used for preparation of the drying agent. Continuous growth in the demand for spray dried products makes improvements in the spray drying process necessary, not only in regard of energy and substrates consumption but also of product quality. Modern technologies of computational simulation allow to design or optimize the production process of powders with properties directly specified by the customers. Spray drying process optimization performed by CFD techniques can also be used to solve production problems in certain regions of the drying chamber. An example has been given by a series of CFD simulations of a detergent counter current spray drying tower performed by Wawrzyniak [1] . In this work a theoretical solution of problems related to powder baking near the hot air inlet area was proposed. Particle deposition on the wall and its effect on spray drying tower operation has been widely studied in the literature [2] . Especially, the effects of flow hydrodynamics and air flow direction on the trajectories of particles, residence time and deposition inside of the drying chamber has been studied [3] . In CFD studies of air hydrodynamics in spray drying towers mostly the effect of different ways of air introduction on flow stability inside of the chamber has been checked [4] . Simulations with swirl air distribution were verified on the basis of experimental investigations [5] . Not only airflow and drying efficiency can be simulated by the CFD models. More advanced studies on particle morphology allow to include into the CFD simulations models of agglomeration, particle formation or material degradation during the spray drying. Particle agglomeration occurs mostly in counter current and mixed flow spray dryers, having significant influence on particle size distribution in the final product. In some production processes full control of the size of particles in the dried powder is required. For this reason CFD simulations are used to identify theoretically regions where agglomeration can take place [6] or to predict final particle size distribution in the product [7] . In food industry, like skimmed milk powder production, it is also necessary to take into account influence of process parameters on product quality. CFD simulations of the influence of drying parameters on lysine loss were performed for example by Schmitz-Schug [8] . In the presented article the influence of drying conditions, swirl flow, monodisperse multistream atomizer configurations and droplet diameter on the drying efficiency, product quality, agglomeration probability and wall deposition will be predicted by the developed CFD skimmed milk spray drying model. All simulation results are compared to show the impact of each parameter on the drying process and to show which configuration and parameters can give optimal results in spray drying of skimmed milk when using novel monodisperse multi-stream atomizers.
Materials and Methods
The presented manuscript is a summary of the European project ENTHALPY whose task is to optimize skim milk powder production via spray drying. Design of new spray dryer can be supported by the CFD simulations and for this reason mathematical model of skim milk drying and thermal inactivation of the proteins need to be developed.
CFD model of skim milk spray drying
Development of the CFD model of skim milk spray drying process starts with the series of single droplet drying (SDD) experiments performed for milk and milk components in wide range of operating conditions [10] . Based on obtained data advanced model of single droplet drying was developed. This model takes into account internal circulation of liquid in droplet, spatial gradient of solid concentration, temperature and moisture distribution and calculation of inflation and deflection of particle in elevated temperatures [11] . Next developed model was simplified and implemented into the CFD solver. To verify correctness of performed simulations calculation results were compared with experimentally obtained data from the test spray drying installation constructed on Otto von Guericke University in Magdeburg [12] . The test installation will later colled OVGU dryer. Additionally, evaporation model was combined with the protein inactivation model to calculate degradation of the skim milk powder during the spray drying process [13] . A full mathematical description of the models and details of the dryer geometry and settings of the CFD solver can be found in the quoted articles. Here only brief description of CFD simulations is presented.
Geometry and nozzle configurations
Tested spray drying tower is a co-current installation with narrow drying chamber: total height is 6.5 m with 0.4 m inner diameter [12] . Instead of a standard two-fluid spray nozzle the newly designed monodisperse multi-stream droplet atomizer was used [14] . It was assumed that dryer will be feeded by four monodisperse atomizers. Each printing head has a base plate with 150 outlets placed in one line. Each outlet generates a single stream of droplets with constant initial diameter which depends on the size of the outlet and on the frequency of the piezo element inside the printing head. In CFD simulations special arrangements of the heads, which lead to a variation in the shape and dimensions of their supporting plates, were tested. Each configuration of the printing heads has a different denotation which will be used further in the description of results:
• CI_1 -four printing heads arranged one next to the other. Heads are mounted on the round base (diameter 214 mm) plate used in the OVGU dryer.
• SQ_2 -four printing heads arranged one beside the other. Heads are mounted on the rectangular (188 mm x 188 mm) base plate.
• RI_3 -four printing heads arranged on a ring support plate (internal diameter = 150 mm, external diameter = 290 mm, distance of printing head from the axis = 80 mm) • CR_4 -four printing heads mounted on an equal-armed cross with arms of length 133 mm and breadth 42 mm. To distinguish different air inlet directions additional markings were added to the name of the geometry:
• Ax -axial flow of air (example Cl_Ax).
• 30 -airflow with 30° swirl (example Cl_30).
• 60 -airflow with 60° swirl (example Cl_60). ANSYS Meshing software was used for grid generation. Near the wall area, where the highest gradients of velocity are predicted, a five-step boundary layer was generated. Finally, a fine mesh with 385k tetrahedral elements was generated. For every case, with different printing head configurations, a new mesh was generated with different computational elements on the atomizer support plate and air inlet surface. Those differences change the mesh structure near the air inlet area. However, all mesh quality parameters and number of mesh element were kept constant.
Operating parameters
Skimmed milk with initial solid mass fraction equal to 45% was used as the feed in the simulations. Initial diameter of the droplets injected into the drying chamber depends on the frequency of the piezo element inside of the printing head. In this report two frequencies were tested, 12 kHz and 15 kHz which generate droplets with diameters of 180 microns and 167 microns respectively. The mass flow rate of skimmed milk solution was equal to 0.018 kg/s, with an inlet temperature of 55°C. Initial velocity of the droplets was 18.7 m/s. Air inlet on top of the dryer was set up as mass flow inlet boundary condition. In every simulated case the mass flow rate of air was constant and equal to 0.1 kg/s. Air was assumed as dry ideal gas with initial temperature of 200°C. In simulations with vertical airflow direction, inlet air vectors were set as normal to the boundary. In simulations with swirl airflow, air direction vectors were inclined to the inlet surface by an angle of 30° or 60°. Centre of rotation was the tower axis. To calculate the number of inter-particle collisions it was necessary to perform all calculations in transient state. The number of time steps maintained for every simulation was 400 with time step size of 0.1 s. In simulations with axial flow of air the realizable k-ε turbulence model was used. However, in simulations with rotary movement of air the turbulence model was changed to the RNG k-ε turbulence model with switched on option of swirl dominated flow, which is recommended for calculations with rotary airflow.
Simulations results
Simulations results were summarized in Table 1 . Swirling air distribution has a significant impact on particle flow trajectories. Particles rotation increases their residence time inside the drying chamber. Based on the evaporation model, temperature distribution inside the spray dryer was obtained. The temperature of the continuous phase decreases along the tower because the heat is transferred to the discrete phase for moisture evaporation. Swirling flow of the air and particles shows an interesting relationship with the temperature drop due to moisture evaporation. Comparison of time average outlet air temperature shows that in cases with higher swirl air movement the final air temperature is higher. This phenomenon can be explained as follows: In cases of axial flow of air particles are falling in the whole volume of the dryer, which results in a low temperature region near to the tower axis. With increasing swirl angle particles are moving to the dryer wall and the low temperature region is also moved from the dryer centre near to the dryer wall. For 60° swirl angle all particles are flowing near the wall where due to evaporation and heat loses to the environment air temperature is lowest. Due to this, in cases with swirl movement of air the evaporation rate of particle moisture is lower and the overall consumption of energy decreases. From the analysis of changes in evaporation rate of particles following conclusions can be drown: For vertical flow in cases Cl_1 and SQ_2 where particle injections are concentrated near to the tower axis, the highest concentration of water source terms can be observed in the middle of the drying tower. In RI _3 and CR_4 nozzle configurations particles are better distributed in the volume of the dryer. Swirling introduction of air significantly changes the pattern of evaporation regions inside the dryer. With axial air flow evaporation takes place in the middle of the dryer. With an increase in the angle of air rotation the centrifugal force that pushes the particle toward the walls of the dryer also increases. Near to the wall evaporation rate is lower due to lower air temperature. However the drying process is much longer, due to longer residence time of particles inside the drying chamber. Analysis of drying efficiency shows that 30° swirl increases the residence time and this improves drying efficiency. However too strong rotation pushes particles into the low temperature region and decreases drying efficiency. From the CFD simulations we determined regions, in which inter-particle collisions can take place. With axial air flow particle collision regions are distributed in the whole volume of the drying chamber. With increasing angle of air rotation collision regions are moved to the dryer wall. With small swirl angles (30°) when particles are not reaching the dryer wall, rotary movement decreases the inter-particle collision probability. Powder deposition on the dryer walls is an undesirable process during spray drying. This phenomenon can reduce the product quality or, in extreme case, stop the drying process by clogging the drying chamber. Analysis of contours where powder can be deposited and overall percentage of feed storage on the dryer wall shows that in such a narrow spray dryer swirling movement of air is not recommended and strongly increases powder deposition on the dryer walls. According to the deactivation model, the two parameters that control the activity of the protein in skimmed milk are moisture content and temperature of particles. From the point of view of protein deactivation analysis, strong swirling movement of air decreases deactivation rate despite the longer residence time of particles inside the drying chamber. Near to the wall particles are dried slower in low temperature region which results in lower protein deactivation.
Conclusions
Series of CFD skimmed milk drying simulations of the co-current spray dryer fitted by multistream monodisperse atomizer were performed. Comparison of obtained simulations results shows:
• The use of monodisperse atomizer allows to obtain a more orderly flow of particles inside the drying chamber than in the simulations with standard polidisperse nozzle.
• Greater spacing between atomizer heads (like in the suggested ring or cross configuration) increases drying efficiency.
• In co-current spray towers with narrow diameter of chamber swirling air flow is not recommended due to: o Creating centrifugal forces which increase wall deposition and particle collision rate. o Much energy from the air is not used for the evaporation process. Dryer has lower efficiency. o Less uniform radial distribution of air velocities and temperatures.
• Dryers with axial movement of air fitted by monodisperse atomizer have lower probability of powder agglomeration and wall deposition than dryer with standard twofluid spray nozzles.
• Powders obtained from dryers with monodisperse atomizers have higher protein activity level than products obtained from standard production.
• Produced powder will have uniform particle size.
Simulation of OVGU dryer shows that for the new monodisperse atomizer the best construction is a high and narrow co-current spray dryer. Axial air flow without recirculation prevents agglomeration, wall deposition and overheating of particles. Co-current spray drying allows for better control by changing flow the rate and temperature of the drying agent. The optimal diameter of the tower depends on the number of installed printing heads. However it is recommended that each printing head should be separated by an air inlet to increase drying efficiency and prevent collisions between the particle streams. CFD simulations of skimmed milk spray drying feeded by monodisperse atomizer show big advantages over other drying processes performed by standard nozzles. Produced powder is expected to have high quality and uniform particle size which can be of crucial in pharmaceutical, cosmetic and food powders production.
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